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In Brief
Proteins translocating into the endoplasmic reticulum run the risk of folding prematurely and thereby clogging the translocon pore-a bottleneck that is resolved by a metalloprotease acting directly on the clogged protein.
INTRODUCTION
Up to 30% of proteins in any eukaryotic proteome reside within the endomembrane system (Chen et al., 2005) . The first step in the biogenesis of these numerous proteins involves their translocation, either partially or fully, into the endoplasmic reticulum (ER) through the translocon channel (Park and Rapoport, 2012) . Endomembrane proteins, which are translated on cytosolic ribosomes, can be targeted and inserted into the ER through several pathways Aviram and Schuldiner, 2014) . Based on its biophysical attributes, an endomembrane protein might translocate into the ER with the help of the signal recognition particle (SRP) targeting pathway, which tightly couples translation and translocation (Grudnik et al., 2009 ). Other substrates target and translocate into the ER through pathways that are not as tightly coupled to their translation, using SRP independent mechanisms. These SRP-independent pathways use alternate means to thread their substrates into the ER, such as the Sec62/Sec63 machinery, which utilizes the luminal Hsp70 Kar2/BiP to ratchet proteins into the ER lumen (Park and Rapoport, 2012) .
Although the process of effective translocation has been well outlined, less is known regarding the safeguards in place to deal with faulty translocation in eukaryotes. Specifically, SRP-independent translocation, which caters to a sizable fraction of endomembrane proteins Jan et al., 2014) , is more prone to difficulties than its SRP-dependent counterpart. For example, these substrates can undergo premature cytosolic folding, precluding them from being linearly threaded through the translocon pore (Ast et al., 2014; Hamman et al., 1997; van den Berg et al., 2004) . Although SRP independent substrates are bound by cytosolic chaperones prior to translocation (Ngosuwan et al., 2003) , most likely to minimize instances of cytosolic folding, these chaperones disengage from the substrate once translocation has started (Plath and Rapoport, 2000) . Thus, an error-prone window of time exists in which a translocating SRP independent substrate, bound by Kar2/BiP in the ER lumen, may fold domains that are still in the cytosol. This protein can neither continue to translocate into the ER nor retrotranslocate into the cytosol and will become ''clogged'' in the translocon. Such a clogged protein would obstruct the translocon channel and preclude it from translocating other substrates, requiring external quality control measures to identify and resolve this debilitating stalemate. Such clogging events have been shown to occur in bacteria and require the actions of the protease FtsH to cleave the clogged translocon, inducing its turnover (van Stelten et al., 2009 ). However, a homologous or analogous pathway has yet to be described in eukaryotes.
To uncover potential quality control machineries that take part in relieving clogging events, we created an inducible clogging-prone construct (i.e., clogger). We crossed this construct into the yeast deletion and hypomorphic allele collection, querying the yeast genome for machineries that resolve the burden of clogging. This screen indicated that the ER metalloprotease Ste24 might have a role in this process. We could show that the clogged form of the construct indeed accumulated and translocation was slowed down in Dste24 cells expressing the clogger or in clogging-enhancing genetic backgrounds. Upon clogging, Ste24 approaches the SRP independent translocon, engages the clogged form of the construct, and mediates its degradation. Notably, we could show that this declogging function of Ste24 is conserved for human ZMPSTE24. Together, these findings reveal a novel quality control mechanism overseeing translocation, at the heart of which lies the crucial and conserved metalloprotease Ste24/ ZMPSTE24.
RESULTS

A Rapidly Folding SRP-Independent Protein Generates Translocon Clogging
The protein-conducting channel of the endoplasmic reticulum (ER), the translocon, creates a hydrophilic channel $15Å in diameter (Hamman et al., 1997; van den Berg et al., 2004) . We hypothesized that this physical boundary might pose a problem for translocating substrates with domains that have been afforded a chance to fold in the cytosol. Preinsertional cytosolic folding of endomembrane proteins may become more abundant when translation and translocation are not coupled, as in the case of SRP-independent proteins Jan et al., 2014) . Once an SRP-independent substrate is engaged by the translocation machinery but cannot transverse the translocon pore, translocon blocking (i.e., clogging) would occur. How the cell solves this debilitating problem that would disrupt ER homeostasis is unknown ( Figure 1A) .
We set out to study how eukaryotic cells manage translocon clogging in the well-established endomembrane system of the yeast Saccharomyces cerevisiae. We built an inducible clogging-prone construct ( Figure 1B, left) , based on the SRP-independent glycoprotein Pdi1 (Ng et al., 1996) under the control of a galactose-induced promoter. To tip the scales in favor of this construct folding at its C terminus (C 0 ) and inducing clogging, we fused the yeast PDI1 to the Escherichia coli dehydrofolate reductase (DHFR) enzyme, which generates a rapid and stable fold (Lee et al., 2001) . Importantly, E. coli DHFR folds stably even in the absence of methotrexate, precluding the need to add this toxic drug to induce clogging (Bhamidipati et al., 2005) . Finally, three N-linked glycosylation (3Gly) sites and a hemagglutinin (HA) tag were placed at the C 0 of the construct. Because N-linked glycosylation takes place in the ER lumen and it generates a size shift that can be assayed by western blot, this ''clogger'' construct would serve not only to induce translocon clogging, but also as a reporter for three translocational states by anti-HA western blot ( Figure 1B , right): (1) When fully inserted into the ER, all sites would be glycosylated to generate a slowly migrating form. (2) When clogged (i.e., Pdi1 has translocated and undergone glycosylation but the rapid folding of the DHFR in the cytosol prevented the rest of the protein from inserting), a hemiglycosylated form would be apparent. This would result in an intermediate size band. (3) When uninserted, all of the construct would be unglycosylated, producing a fast-migrating form.
To verify that the clogger accurately reports on its translocational status the construct was inserted into either wild type (WT) or mutant cells depleted for the various subunits of the SRP independent translocon ( Figure 1C) . Indeed, three migrational forms were present in all strains, indicating that all three (B) A folding prone clogger construct can both induce and quantitate clogging. Under regulation of the galactose inducible promoter, we fused the SRP independent substrate Pdi1 that bears 5 glycosylation sites, to the stably folding dihydrofolate reductase (DHFR) enzyme followed by three glycosylation sites and a hemagglutinin (HA) tag (left). When clogged, this fusion protein can be easily recognized on a western blot because it runs as an intermediate hemiglycosylated form (right). (C) In WT cells, most of the clogger is fully glycosylated, whereas in mutants of the SRP-independent translocon (sec62-DAmP, sec63-DAmP, Dsec66, Dsec72), the cytosolic unglycosylated band is prevalent. Treatment of WT cells with tunicamycin, blocking N-linked glycosylation, generates only the fastest migrating form of the clogger. Split panes represent different lanes on one gel and are shown as such hereafter. (D) The clogger construct was routed to the SRP-dependent pathway by appending the hydrophobic core of the DPAP B signal anchor. 26% the SRP independent clogging construct becomes clogged, whereas only 5% of the SRP dependent counterpart does (n = 3, mean ± SEM, p value < 0.001). See also Figure S1 .
states of insertion are detectable. As expected, the predominant fraction in WT cells was the inserted form, whereas the unglycosylated form was prevalent in cells with reduced translocation. Moreover, when glycosylation was chemically attenuated with the N-linked glycosylation inhibitor tunicamycin, only the fastest migrating form of the clogger was present. To further verify that the intermediate ''clogged'' fraction of the construct is engaging the translocon, we performed a crosslinking experiment, exposing cells expressing the clogger to dithiobis succinimidyl propionate (DSP) and precipitating the Sec61 translocon (Figure S1A) . Indeed, following crosslinking with DSP, the Sec61 precipitate is enriched for the clogged form of the construct. Importantly, there is no enrichment for binding with the abundant SRP-independent protein Gas1, excluding the possibility that all proteins undergoing translocation are captured by this crosslinking. This intermediate clogged band is not the result of retrotranslocation, because cells lacking the cytosolic peptide-Nglycanase Png1 (Suzuki et al., 2000) also contain this form of the clogger ( Figure S1B ). Finally, as predicted, the clogger disrupts ER homeostasis ( Figure S1C )-significant activation of the unfolded protein response (UPR) was measured following expression of the clogger (p value < 0.01).
To verify that the clogged form that we see is a result of cytosolic folding, we set out to create a clogger in which translation was better coupled to translocation. To this end, we altered the clogger's signal sequence to that of the established SRPdependent substrate DPAP-B (Ng et al., 1996) . The SRP-independent or -dependent forms of the clogger were induced for an extensive period to ensure that maximal clogging would take place. An anti-HA western blot revealed that at steady state, 26% of the SRP independent construct was clogged, whereas for only 5% of the SRP-dependent counterpart did clogging occur ( Figure 1D ). Therefore, it appears that clogging reflects the inherent complexity of targeting through the SRP independent pathway, which is intrinsically more prone to substrate folding in the cytosol.
A Systematic Genetic Screen Uncovers a Role for Ste24 in Translocon Unclogging
Because translocation is an essential process, we assumed that the absence of quality control machinery involved in relieving clogging (exacerbated by the expression of the clogger) would generate a significant growth delay. To find such strains, we inserted the clogger construct into a systematic library of mutants in all yeast genes (Breslow et al., 2008; Giaever et al., 2002) using automated mating approaches (Cohen and Schuldiner, 2011) . As a control, we expressed a cytosolic mCherry in the same collections. We then measured the growth rate (i.e., colony size) of each of these $6,000 haploid strains that contained a single genomic mutation as well as either the clogger or mCherry constructs ( Figure 2A ).
More than 100 strains displayed a significantly altered growth pattern when expressing the clogger (FDR corrected p value < 0.05, Figure 2B ; Table S1 ). One strain that grew better than expected upon clogger expression was deleted for the cochaperone for Kar2, Scj1 (Schlenstedt et al., 1995) . This suggests that when Kar2 is less active, potentially ratcheting SRP-independent substrates into the ER at a slower rate, that less clogging is occurring or that such cases can be more easily resolved. However, we focused on mutations that led to slower growth with the clogger ( Figure 2B ). First, strains mutated in known SRP-independent translocon subunits displayed attenuated growth, serving as a validating internal control for the screen. Moreover, this slow growth was not a result of the simple overexpression of the SRP-independent substrate Pdi1 ( Figure S2A ). Second, strains deleted for Ire1 and Hac1 (Walter and Ron, 2011) , the two main signaling components of the UPR, also grew poorly upon clogger expression, in line with our observation that the clogger induces ER stress ( Figure S1C ). An unexpected yet intriguing observation was that cells lacking the ER localized metalloprotease Ste24 displayed significantly smaller colony size when expressing the clogger, but not when expressing Pdi1 alone ( Figure S2B ).
Ste24 is a highly conserved zinc metalloprotease embedded in the ER membrane whose active site is cytosolic (Fujimura- Kamada et al., 1997; Schmidt et al., 1998) . We hypothesized that Ste24 could be an interesting candidate for the quality control machinery that resolves translocon clogging. To date, Ste24 has been characterized to take part in the pathway that processes proteins bearing a C 0 CAAX motif (C, cysteine; A, aliphatic residue; X, any residue), such as the yeast mating pheromone, a-factor, and mammalian Lamin A . However, hints at an additional role for Ste24 have accumulated in the literature. For example, the deletion of Ste24, even in cells that do not express a-factor, generates notable ER stress (Jonikas et al., 2009) , and it interferes with membrane protein topology (Tipper and Harley, 2002) , both phenotypes not shared by other a-factor processing enzymes.
To ascertain that loss of Ste24 was indeed detrimental to cells expressing the clogger, we first repeated the growth assay with a more precise liquid-growth measurement ( Figure 2C ). Indeed, although the WT grew more slowly with the clogger than without it, this growth delay was far more pronounced in a strain deleted for Ste24. Next, we directly assayed clogging ( Figure 2D ). Indeed, Dste24 cells contain highly elevated amounts of the clogged fraction as well as a significant amount of the cytosolic form of the clogger, further attesting to a blockage in translocation. Furthermore, inducing the clogger in the absence of Ste24 attenuated the ER entry of the endogenous SRP independent substrates Gas1 and Pdi1, as well as Kar2, which can utilize both SRP-dependent and -independent pathways for ER entry ( Figure 2E ) Ng et al., 1996) . It should be noted that these steady-state measures likely underrepresent the fraction of proteins that have failed to translocate because untranslocated proteins are rapidly cleared from the cytosol by prERAD (Ast et al., 2014) . On the other hand, SRP-dependent translocation was not affected by the absence of Ste24 ( Figure S2C ), although expression of the clogger itself did attenuate the translocation of an SRP-dependent substrate, possibly due to the activation of the UPR ( Figure S1C ).
To test that the role of Ste24 in clearing clogged translocons is not specific to our clogger construct, we analyzed a different clogging-prone SRP-independent substrate: Gas1 fused to the stably folding red fluorescent protein (RFP-Gas1) ( Figure S2D ). Although RFP-Gas1 is normally localized to the cell periphery, in Dste24 cells, it was additionally found on the ER, indicating (A) The clogging construct was inserted into the yeast deletion and hypomorphic allele collections via SGA, and its effect on growth was measured relative to a control protein (mCherry). (B) $110 mutants showed differential growth in the presence of the control protein or the clogger (FDR corrected p value < 0.05). Mutants attenuated for the SRPindependent translocon, the unfolded protein response (UPR), and the ER protease Ste24 showed notably slower growth with the clogger (for a list of all strains, see Table S1 ). (legend continued on next page) clogging or attenuated ER entry. This effect was not seen for the SRP-dependent substrate, Hxt2-GFP, in the absence of Ste24 ( Figure S2E ).
Next, we set out to test whether endogenous proteins could clog the translocon. To this end, we mutated Sec66, which is required for early engagement and funneling of SRP-independent substrates into the translocon (Harada et al., 2011; Plath et al., 1998) . Indeed, in the double-mutant-lacking Sec66 and Ste24, SRP-independent translocation is notably perturbed ( Figure 2F ). In these cells, Gas1, Kar2, and Pdi1 accumulate in the unglycosylated cytosolic forms, similar to what we had observed for cells lacking Ste24 and expressing the clogger ( Figure 2E ). This accumulation demonstrates that endogenous SRP-independent proteins can undergo clogging under physiological conditions, requiring the quality control actions of Ste24. These findings would explain the strong negative genetic interaction previously described between Ste24 and Sec66 (Costanzo et al., 2010) .
The Metalloprotease Activity of Ste24 Is Required for the New Unclogging Function
We next wondered whether translocon clogging seen in the absence of Ste24 is simply an indirect effect related to its previously described cellular roles, such as loss of CAAX processing, inducing ER stress or altered membrane protein topology. We first assessed clogging in the absence of other CAAX processing factors by testing proteins both upstream and downstream to Ste24 in the pathway, such as Ram1 or Axl1 ( Figure 3A ) (Michaelis and . The absence of either of these proteins did not affect clogging. Furthermore, the CAAX processing mutants present in our initial screen (Drce1 and Daxl1) did not exhibit any growth defects with the clogger, although they were verified to be deleted ( Figure S3A ).
We then tested whether the ER stress known to occur in the Dste24 strain was indirectly causing clogging. We generated ER stress in WT cells expressing the clogger by exposing them to the reducing agent DTT ( Figure 3B ). The induction of ER stress reduced the amount of uninserted protein, but it did not alter the fraction of clogged protein. Furthermore, a verified deletion of Spf1, which induces more extensive ER stress than does Dste24 (Jonikas et al., 2009) , did not display a diminished colony size with the clogger ( Figure S3B ).
Finally, Dste24 has been shown to affect transmembrane protein topology. We therefore tested whether the SRP-independent translocon, which is itself made up of multiple transmembrane proteins, was still functional. To this end, we analyzed SRP-independent translocation in Dste24 cells using an in vitro insertion assay with the SRP-independent substrate ppaF. ER membranes (microsomes) derived from either WT or Dste24 cells were able to translocate similar amounts of ppaF ( Figure S3C ). These results suggest that the increased clogging is not an indirect effect of a reduction in translocon availability or fidelity, ER stress, or CAAX processing and indicate a more direct role for Ste24 in this process.
With this direct link in mind, we sought to test whether the metalloprotease activity of Ste24 is involved in clogging. Although functional STE24 expressed from a plasmid rescued the growth delay of Dste24 cells expressing the clogger( Figure 3C ) as well as the accumulation of clogged isoforms ( Figure 3D) , rescue was ablated when the conserved HExxH protease motif was mutated (STE24 E296G ) (Fujimura-Kamada et al., 1997) . Together, these results indicate that the metalloprotease activity of Ste24 is essential for its role in resolving clogging in a direct fashion.
Ste24 Approaches, but Does Not Cleave, the Clogged Translocon If Ste24 clears clogged translocons by direct cleavage, either the translocon itself (as in bacteria [van Stelten et al., 2009] ) or the clogger might be the processed substrate. In either case, Ste24 would have to be in close proximity to the translocation apparatus during clogging. To examine the proximity between Ste24 and the clogged translocon, we utilized the split-Venus approach (Sung and Huh, 2007) . We genomically fused the VC fragment to Ste24 while tagging the subunits of the SRP-independent (Sec63, Sec66, and Sec72) or -dependent (Srp102) translocon with the VN fragment ( Figure 4A ) so that all Venus fragments would face the cytosol (Kim et al., 2006) . Notably, when the clogger protein was expressed in these cells, a dramatic increase in ER fluorescence could be seen for Ste24-VC paired with the VN-tagged SRP-independent translocon subunits ( Figure 4B ). Such an increase was not seen with Srp102-VN, the beta subunit of the SRP receptor, or with the negative control (Erp2, an abundant ER protein not involved in translocation; Figure S4 ). To rule out that this increase in Venus signal was an indirect readout of elevated protein levels due to UPR activation, we quantified this interaction in the absence of Hac1 (Walter and Ron, 2011) . Under these conditions, we observed a further elevation in interaction, which might be the result of more extensive clogging in Dhac1 cells as indicated by our initial screen ( Figure 2B ). Thus, it seems that Ste24 approaches the SRP-independent translocon upon clogging.
To test whether Ste24 was cleaving the translocon, we first assayed the steady-state amounts of the nonessential subunits of the SRP-independent translocon, Sec66 and Sec72, in the absence or presence of the clogger, as well as Dste24 cells expressing the clogger ( Figure 4C ). In all of these conditions, the amounts of Sec66 and Sec72 remained the same. We then tested whether either the steady-state or the half-life of the essential SRP-independent translocon subunits, Sec61, Sec62, and Sec63 (Belle et al., 2006) , were altered upon expression of the clogger. (Belle et al., 2006) . We found that the core translocon subunits were degraded at comparable rates under (E) The localization of the endogenous SRP-independent substrates Gas1, Kar2, and Pdi1 were assayed by western blot. Less translocation takes place when expressing the clogger in Dste24 cells. (F) WT and mutant cells were analyzed by western blot for the localizations of Gas1, Kar2, and Pdi1. Mutant cells were either depleted of Ste24 (using a repressible Gal promoter on glucose), deleted for the auxiliary translocon component Sec66, or both. SRP-independent substrates accumulate in the cytosol when translocation becomes inefficient and the quality control actions of Ste24 are missing. See also Figure S2 and Tables S1, S2, S3, and S4. all conditions, suggesting that, unlike bacteria, they are not cleaved during clogging in eukaryotes ( Figure 4D ). It should be noted, however, that only a fraction of the translocon pool is clogged, and the effects on the half-life of this pool might be masked by the general translocon population. (B) WT cells expressing the clogger were treated with the ER stress-inducing agent DTT, and subsequent clogging was assessed by anti-HA western blot (n = 3, mean ± SEM), showing that clogging is not exacerbated by ER stress. (C) A serial dilution growth assay was carried out for WT or Dste24 cells, bearing either an empty plasmid, a plasmid encoding for functional STE24, or for the proteolytically dead mutant STE24 E296G . These strains were examined for growth when the clogger is either repressed or expressed, showing that the metalloprotease activity of Ste24 is required to restore growth with the clogger. (D) Clogging was assayed by western blot with anti-HA in Dste24 cells expressing the clogger and a plasmid encoding for either WT STE24 or STE24 E296G . Although Dste24 bearing the STE24 plasmid demonstrates complete rescue of the phenotype, the STE24 E296G plasmid fails to rectify clogging and may even act as a dominant negative. See also Figure S3 .
Figure 4. Clogging Recruits Ste24 to the SRP-Independent Translocon
(A) The proximity of Ste24 to translocon subunits was visualized with a splitVenus assay-fusing the C terminus of the fluorophore Venus (VC) to Ste24 and the N terminus (VN) to the auxiliary translocon subunits Sec63, Sec66, Sec72, or the SRP receptor subunit Srp102. Upon expression of the clogger, a ring-like ER signal is seen with Ste24 and subunits of the SRP independent translocon. Scale bar, 5 mm. (B) Fluorescence levels were measured for all split-Venus pairs in the presence or absence of the clogger by flow cytometry versus an untagged strain (n = 3, mean ± SEM). Fluorescence in the presence of the clogger was increased when UPR was compromised (Dhac1), indicating that this is not an indirect increase due to this stress pathway. (C) The amounts of the nonessential subunits of the translocon, Sec66-GFP, and Sec72-GFP, were examined with anti-GFP western blot in the presence or absence of the clogger in either WT or Dste24 strains and were unaltered. Pgk1 was used as a loading control. (D) Translation was blocked by cycloheximide (CHX) in a WT strain lacking or expressing the clogger, and samples were taken at the indicated time points. The samples were probed by western blot for endogenous Sec61, Sec62, and Sec63, showing that the half-life of these essential SRP independent translocon subunits is not altered upon clogger expression. See also Figure S4 .
Ste24 Cleaves the Clogged Protein
If Ste24 is not cleaving the translocon, then it may be directly cleaving the clogged protein; in which case, it would have to physically bind to it. To test for such an interaction, we generated a FLAG-tagged form of the proteolytically dead STE24 E296G and carried out an immunoprecipitation experiment in the presence of the clogger ( Figure 5A ). We found that the clogged and unglycosylated forms did indeed coprecipitate with FLAG-STE24 E296G . This unglycosylated fraction could represent a cytosolic protein that has not yet started to translocate or else a clogged form that has not undergone glycosylation. As a control, cells expressing the clogger but lacking FLAG-STE24 E296G did not precipitate any form of the clogger.
We next tested whether Ste24 affects the degradation of the clogged protein ( Figure 5B ). In WT and Dste24 cells, the inserted form of the clogger was stable following cycloheximide treatment. In contrast, only 65% of the initial clogged fraction remained after 15 min in WT cells, whereas this form was completely stable in cells lacking Ste24 (p value < 0.05). This degradation is specific because Ste24 did not affect the halflife of the poorly folding membrane protein, CFTR ( Figure S5A ).
If Ste24, whose active site faces the cytosol, directly cleaves the clogger, then presumably it would create cytosolic cleavage fragments that would then be cleared by the proteasome ( Figure 5C ). To identify such fragments, we genetically attenuated the proteasome with the hypomorphic allele scl1-DAmP, mutated for the alpha1 subunit of the 20S proteasome core (Lee et al., 1991) . Deletion of Ste24 alone caused several fast-migrating clogger fragments to accumulate, possibly indicating the presence of another, Ste24-independent, degradation pathway. However, when the proteasome was attenuated, several additional protein fragments could readily be seen. Some of these bands disappear in the double-mutant scl1-DAmP Dste24 ( Figure 5C , marked by an arrowhead), although similar levels of proteins were present in the two samples (Figure S5B) pointing to Ste24-dependent cleavage intermediates. Notably, the sizes of these bands suggest that Ste24 is cleaving within Pdi1, and not at the interface between Pdi1 and DHFR.
The fact that that Ste24 cleaves inside a domain that should not be exposed to the cytosol during clogging indicates that there might be some force pulling the clogged protein out of the translocon as Ste24 scans for a cleavage site. One well-characterized molecular machine that generates a pulling force and extracts proteins from the ER membrane is the AAA ATPase Cdc48 (Rabinovich et al., 2002) . Indeed, our original screen also revealed that cells deleted for Dfm1, a Cdc48 recruitment factor (Sato and Hampton, 2006) grew slowly when expressing the clogger ( Figure S6A ). Moreover, clogged proteins accumulated in Ddfm1 cells ( Figure S6B ). Indeed, we could visualize recruitment of Cdc48 to ER membrane foci upon clogger expression ( Figure S6C ). Dfm1 has recently been characterized to take part in the regulatory arm of ER associated degradation (ERAD-R) (Avci et al., 2014) . However, the absence of another ERAD-R subunit, the protease Ypf1, does not affect clogging ( Figure S6A and S6B), ruling out a general involvement of this pathway in unclogging. Thus, Dfm1 may have an additional, ERAD-R-independent role, in recruiting Cdc48 to ratchet clogged proteins out of the translocon. This concerted action could potentially allow Ste24 to find a cleavage site within the broad spectrum of clogged proteins.
The Function of Ste24 in Unclogging Is Conserved to Human ZMPSTE24 Ste24 is highly conserved from yeast to humans where the homolog, ZMPSTE24, has been characterized mainly for its role in CAAX processing of Lamin A (Fujimura-Kamada et al., 1997; Michaelis and Hrycyna, 2013) . We wished to examine whether ZMPSTE24 can also function in translocon unclogging ( Figures  6A and S7A) . Indeed, whereas clogging doubles in the absence of Ste24 (p value < 0.05), the expression of ZMPSTE24 in yeast reduced clogging back to WT levels. We then tested whether seven disease-associated forms of ZMPSTE24, which have been previously analyzed in yeast , could resolve clogging. Although some mutations, such as L438F and W340R could reduce the amount of clogging, others, such as H335A or W450X were just as compromised for clogging, if not worse, as the deletion of Ste24. These defects are also apparent when measuring growth in the presence of the clogger ( Figure S7B) .
Each of the mutant forms of ZMPSTE24 has previously been assayed in vitro for its processing activity on a CAAX motif . When we plotted the fraction of clogged protein present in each mutant relative to their residual processing ability ( Figure 6B ), we observed a strong correlation (R 2 = 0.98) supporting the requirement for the protease activity in clearance of the clogged protein. One interesting exception to this correlation was the L438F mutation. A recent structural study has revealed that L438 is found adjacent the peptide binding site of ZMPSTE24 (Quigley et al., 2013) , suggesting that CAAX and clogged protein binding are not identical.
We then asked whether clogging could occur in human cells and whether ZMPSTE24 would be required to resolve such cases. To this end, we constructed a human clogger ( Figure 6C ), based on the human ER Hsp40 ERdj3, which has been shown to require human Sec62 and Sec63 for efficient translocation . To the C 0 of ERdj3, which contains one N-linked glycosylation site, we fused a tightly folding GFP as well as three additional sites for N-linked glycosylation. The human clogger was transfected into HEK293 cells ( Figure 6D ), which were subsequently treated with the HIV-protease inhibitors lopinavir (LPV) or tipranavir (TPV), both of which inhibit ZMPSTE24 in vivo (Coffinier et al., 2007) . To stabilize cytosolic forms of the (A) The fraction of the clogger found in each translocational form was quantified in Dste24 cells bearing plasmids encoding for functional ZMPSTE24 or disease-associated mutations (n = 3, mean ± SEM). Lack of Ste24 doubles clogging (p value < 0.05). Mammalian ZMPSTE24, but not all disease-associated mutants, can restore clogging to WT levels. (B) The fraction of clogged protein found in yeast expressing the WT or mutant forms of ZMPSTE24 (A) was plotted against the known residual proteolitic activity of each ZMPSTE24 protease , showing a correlation (R 2 À 0.98). The outlier mutation L438F is the only mutation located in the peptide-binding groove of ZMPSTE24 (Quigley et al., 2013) . (C) A human folding prone construct, made up of the luminal cochaperone ERdj3, C-terminally fused to GFP and 3 glycosylation sites (3Gly), was constructed.
(D) HEK293 cells were transfected with the human clogging prone construct and treated with the proteasome inhibitors MG132 or bortezomib to stabilize cytosolic forms of the clogger. Additionally, cells were exposed to lopinavir (LPV) or tipranavir (TPV) to inhibit ZMPSTE24 function. Protein samples were extracted and analyzed by an anti-GFP western blot, showing an the accumulation of the hemiglycosylated clogged protein when ZMPSTE24 is inhibited. As a control, cells were treated with tunicamycin. See also Figure S7 .
mammalian clogger, we performed additional treatment with the proteasome inhibitors MG132 or bortezomib. We hypothesized that under these conditions, clogging would be more predominant because proteins are afforded a longer window of time in which they can remain in the cytosol. Indeed, we observe that the hemiglycosylated, clogged form appears when the cells are treated with a proteasome and ZMPSTE24 inhibitor. Thus, it seems that the function of Ste24 in clearing clogged proteins from the ER is conserved from yeast to humans and becomes important under conditions in which cytosolic quality control is dysfunctional. In summary, it appears that the very nature of SRP-independent translocation makes it susceptible to unique challenges such as clogging (Figure 7, left) . Upon clogging, Ste24 is recruited to the translocon, most likely with other factors involved in quality control. There, Ste24 proceeds to cleave the clogged protein, thereby resolving the stalemate scenario and salvaging the translocon, which can resume its essential task.
DISCUSSION
The processes of ER targeting and translocation are vital to create a robustly functioning secretory pathway in cells. In bacteria, clogged SecY translocons are digested by the metalloprotease FtsH (van Stelten et al., 2009) . Recent work in mammals has highlighted a role for the ribosomal quality control pathway and proteasomal degradation in clearing stalled translocation intermediates for SRP-dependent proteins (von der Malsburg et al., 2015) . Similar studies in yeast analyzing SRP dependent substrates that faultily engage the translocon have implicated the ER-associated degradation machinery in clearing this stalemate (Rubenstein et al., 2012) . Thus, although it is clear that in all scenarios degradation is involved, each case seems to require quality control machinery tailored to the specific malfunction.
We set out to identify and understand the factors that resolve faulty SRP-independent translocation because this pathway contains a time window in which translocating substrates may fold in the cytosol. To this end, we generated a folding-prone SRP-independent construct that could serve to both induce translocon clogging and quantitate the amount of clogging taking place. In a genetic screen for reduced growth in the presence of this clogger, we identified the ER-localized zinc metalloprotease Ste24 as essential for growth in the presence of increased clogging.
A growing body of work has indicated that Ste24, originally described for its function in CAAX processing, might have an additional role in maintaining ER homeostasis, and more specifically translocation. First, transcriptional analysis of the UPR response uncovered Ste24 to be significantly upregulated during ER stress (Travers et al., 2000) . Inversely, the absence of Ste24 was shown to elicit marked ER stress (Jonikas et al., 2009 ). In addition, a systematic genetic analysis of the Kar2 R217A mutant, in which the ER chaperone Kar2 exhibits a specific defect in SRP-independent insertion, found a strong alleviating interaction with the deletion of Ste24 (Vembar et al., 2010) . Possibly, under these conditions, the absence of Ste24 prevents SRP independent substrates that are slowly being ratcheted into the ER lumen by the Kar2 R217A mutant from being prematurely degraded. Furthermore, a lack of Ste24 was shown to affect the topology of a model transmembrane protein in yeast (Tipper and Harley, 2002) . Finally, the bacterial homolog of Ste24, HtpX, becomes essential in the absence of the established declogging protease FtsH, suggesting a conserved quality control link (Sakoh et al., 2005) .
Our studies show that in the absence of Ste24, clogged proteins accumulate, impairing SRP independent translocation. Ste24 moves toward the SRP independent translocon upon clogging and, together with a pulling force (possibly exerted by Dfm1-recruited Cdc48), cleaves the clogged protein within Pdi1 itself. Interestingly, the analogous bacterial declogging system, FtsH couples a AAA ATPase module with a membrane metalloprotease to resolve clogging. Thus, it is possible that the function of FtsH was uncoupled in eukaryotes to consist of an AAA ATPase module provided by Cdc48 and a metalloprotease component provided by Ste24. In this manner, Ste24 can perhaps scan its substrates for segments that it can accommodate within its catalytic site, thus allowing it to cleave various clogged proteins. This mechanism of action would in fact be most economical, as it would sacrifice only the clogged translocating protein and rescue the large, multisubunit complex of the Sec61 translocon.
Ste24/ZMPSTE24 appears to be a promiscuous protease, as even in its established substrates, the mating pheromone a-factor and Lamin A, two processing steps occur, on two internal sites that share little sequence similarity (Fujimura-Kamada et al., 1997; Michaelis and Barrowman, 2012; Schmidt et al., 1998) . Indeed, all of the folding prone substrates that we tested: Pdi1, Gas1, and Erdj3, were affected in the absence of Ste24, although they contain no sequence or functional similarities. It should be noted that in cells lacking Ste24, we could not identify hemiglycosylated clogging forms of endogenous proteins (Figure 2E and F) . However, this is to be expected because clogging most likely only takes place for a very small fraction of each endogenous protein undergoing translocation at a given time, making it difficult to identify a specific clogged form. So, how prevalent is clogging? The sizable number of SRP-independent substrates and the massive ER stress and UPR activation observed in the absence of Ste24 (Jonikas et al., 2009) would argue that clogging is not a rare event.
The promiscuity of Ste24 raises questions as to how this metalloprotease is regulated so it does not cleave every SRP-independent substrate undergoing translocation. One layer of regulation appears to be the recruitment of Ste24 to the SRP-independent translocon because this proximity was notably enhanced upon clogger induction. How this regulation takes place remains to be seen. Interestingly, our initial clogging screen uncovered several posttranslational modifiers required to maintain growth in the presence of the clogger. It would be interesting to investigate whether any of these additional factors serve to regulate Ste24.
In light of its key cellular roles, it is not surprising that Ste24 is a highly conserved protein, whose human homolog, ZMPSTE24, has been shown to perform all functions tested to date Fujimura-Kamada et al., 1997; Young et al., 2005) . We could show that ZMPSTE24 can completely compensate for the loss of yeast Ste24 and alleviate clogging, indicating that this cellular role has also been conserved. Indeed, recent works have highlighted that SRP-independent translocation might be more prevalent in higher eukaryotes than was previously appreciated (Jan et al., 2014; Johnson et al., 2012; Shao and Hegde, 2011) . These findings indicate that translocon unclogging would be as important in higher eukaryotes as it is in yeast, maintaining the need for dedicated quality control machinery. Indeed, treatment with LPV, one ZMPSTE24 inhibitor that generated clogging, has been previously shown to induce ER stress in multiple cell types. However, the cause of this stress has not been uncovered (Taura et al., 2013) . Our results here suggest this may be due, at least in part, to translocon clogging.
Humans mutations in ZMPSTE24 have been linked to a wide range of diseases, spanning from metabolic disorders to progeroid diseases of differential severity Michaelis and Barrowman, 2012) . When studying these disease-associated mutations, we could demonstrate that mutants in the metalloprotease domain accumulated clogged proteins in direct relation to their residual cleavage activity. This raises the possibility that one aspect of the disease mechanism, in addition to loss of Lamin A function, is a progressive slowdown of the secretion apparatus due to unresolved clogging and prolonged ER stress. One notable exception was the L438F mutation, which is found adjacent to the peptide binding site (Pryor et al., 2013; Quigley et al., 2013) , suggesting that the substrate binding site might be more flexible for clogged proteins or even found in a different position. These findings highlight that we can differentiate between two actions of ZMPSTE24: binding to the substrate, which is different for CAAX motifs and clogged proteins, versus cleavage, which appears to be similar for these two substrate groups.
In summary, our results shed light on a novel function of Ste24, a central and conserved metalloprotease long suspected to have a pivotal task in maintaining ER homeostasis. This ubiquitous protease orchestrates the process of translocon unclogging, thus ensuring that the essential flux of proteins entering the ER is maintained. More generally, translocation that is uncoupled from translation is not unique to the ER, and it is found in other essential organelles such as mitochondria, chloroplasts, and peroxisomes. The approaches set forth in this work can be utilized to study how translocon clogging is resolved in these organelles, shedding further light on the quality control machineries and mechanisms utilized to resolve this basic cellular obstacle.
EXPERIMENTAL PROCEDURES
Plasmid Construction A complete list of plasmids and primers used in this study can be found in Tables S3 and S4. All cloning procedures were carried out with the restriction-free method (van den Ent and Lö we, 2006). In order to generate the clogger construct, three N-linked glycosylation sites (3Gly) (AVAVNNTSAVA VAVNNTSAVAVAVNNTS) were cloned directly upstream to the HA tag in pYM-N24 GAL1p-3HA::NatR plasmid using primers 3Gly-pYM24clone-F and 3Gly-pYM24clone-R (primers were designed using Primers-4-Yeast (Yofe and Schuldiner, 2014) ). Following this step, PDI1 was PCR amplified from the yeast genome, with the primers PDI-pYM24clone-F and PDI-pYM24-clone-R and inserted upstream to the 3Gly-HA sequence. Finally, the E. coli DHFR gene was PCR-amplified from the CPY*-DHFR-HA plasmid (Bhamidipati et al., 2005) and inserted between PDI1 and the 3Gly elements. Following its verification by sequencing, the clogger construct was inserted into the HO locus of all strains of interest. Further information is available in the Supplemental Experimental Procedures.
Library Creation and Analysis
Introduction of the clogger or mCherry constructs into the yeast libraries was performed using synthetic genetic array (SGA) techniques (Cohen and Schuldiner, 2011 To analyze the growth of each deletion strain with the clogger or mCherry constructs, all custom libraries were replicated to rich media containing 2% galactose and grown for three days at 30 C. Colony size was quantified for each strain using software Balony (Young and Loewen, 2013) and normalized relative to other strains in the same row and column. Outliers from the linear regression pattern, i.e., strains bearing significantly different growth upon clogger induction with a p value < 0.05, were identified, correcting for the false discovery rate (Benjamini and Hochberg, 1995) . The colony size of all strains with the two constructs can be found in Table S1 . 
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